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Table 1. Determination of directed network (digraph) complexity or connectivity measured as 
Connectance ratio (CV - Conn %).  
 
Source 
Node* 
Edge/Link 
(interaction) 
Target 
Node* 
Biomarker for 
interaction value 
Interaction value 
(edge/link weight) 
    Control Fasted 
LF LF-AUT AUT LMS 1 1.146128 
LF LF-NL NL LMS 1 1.146128 
NL NL-AUT AUT Lipid 1 1.173186 
LOX LOX-NL NL MDA 1 1.222716 
LOX LOX-AUT AUT MDA 1 1.222716 
LOX LOX-LF RB MDA 1 1.222716 
AUT AUT-RB RB Lf 1 1.161368 
AUT AUT-AUT AUT Lf 1 1.161368 
E    8 9.456328 
||E||    8 9 
CV %    32 36 
 
Interaction attributes for the links (edges/arcs) in the directed cellular physiological network 
are based on the standardised mean biomarker values as a proportion of the control value. 
E is the sum (  of the links using the weight for each edge/arc (i.e.,  interaction values). 
Connectance % -- CV =  (||E|| / V2) x 100, where V is the number of nodes in a directed 
network or digraph, ||E||  is the nearest integer function of E (Bonachev, 2003; Davis, 1997; 
Moore, 2010). Weight values are all log10 transformed.  Mann-Whitney U-test on Control v 
Fasting  P < 0.01, n = 8. LMS  lysosomal membrane stability; Lipid  cytosolic and 
lysosomal neutral lipid (triglyceride); MDA  malondialdehyde; Lf  lipofuscin. *See Figure 2 
for node accronyms. 
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Figure Legends 1 
 2 
Fig. 1. Conceptual model for the role of reactive oxygen species (ROS) and 3 
lipofuscin in lysosomal autophagy and oxyradical-mediated cell injury. This 4 
model draws on one proposed by Brunk and Terman (2002) and adapted by 5 
Moore et al. (2006a). Fe2+ - ferrous cation; Fe3+ - ferric cation; O2   - superoxide; 6 
OH- - hydroxyl anion; OH  - hydroxyl radical; SOD  superoxide dismutase.  7 
 8 
Fig. 2. Topology of cellular physiological networks (directed - digraphs) for fed and 9 
fasted treatments, constructed using Cytoscape 2.8 (Shannon et al., 2003). LF 10 
 lysosomal function; AUT  autophagic function; NL  lysosomal and 11 
cytoplasmic lipid (triglyceride); LOX  lipid peroxidation (malondialdehyde); RB  12 
lipofuscin generation in late secondary and tertiary lysosomes. Node size 13 
indicates the attributes for the physiological process based on the relevant 14 
biomarker values (see Table 1). The networks are constructed as attribute circle 15 
networks based on degree (i.e., number of links / node). Biomarkers related to 16 
node values: LF (LMS  lysosomal membrane stability); AUT (LMS - lysosomal 17 
membrane stability used as a proxy as no direct measurement of autophagy was 18 
made); NL (Lipid  cytosolic and lysosomal neutral lipid - triglyceride); LOX 19 
(MDA  malondialdehyde); RB (Lf  lipofuscin). 20 
 21 
Fig. 3. Effects of fasting on A - lipid peroxidation (MDA), B - lysosomal stability 22 
(minutes  -glucuronidase) and  accumulation of C - 23 
lipofuscin and D - lipid (absorbance in arbitrary units) in hepatopancreatic cells. 24 
Bar graphs show the relative effects in fasting (day 7) and control (day 7) 25 
animals. Mean value ± 95% confidence limits, n = 10 (Asterisk - P < 0.01, 26 
Kruskall-Wallis test between Fed day 7 control  T7 Fed and Fasting day 7  T7 27 
Fasting treatments). 28 
 29 
Fig. 4. Micrographs of snail hepatopancreas showing a digestive tubule (DT) reacted 30 
with the Schmorl test for lysosomal lipofuscin (dark staining) in control - T7 Fed 31 
(A), and reduced reaction product for lipofuscin in fasting - T7 Fasting (B) 32 
hepatopancreatic digestive cells. Many of the secondary lysosomes are enlarged 33 
in the fasting treatment compared with the fed controls. Bold arrows - lipofuscin 34 
in late secondary lysosomes; small arrows - lipofuscin in tertiary lysosomes.  35 
Scale bar = 10 µm.  36 
Figure
 37 
Fig. 5.  Diagramtic representation of the normal autophagic turnover of old or 38 
damaged proteins and organelles (e.g., mitochondria, endoplasmic reticulum  39 
ER) which results in the gradual accumulation of lipofuscin and other 40 
aggregates. Stress-induced augmented autophagy reduces the accumulation of 41 
lipofuscin and aggregates by recycling organelles and protein more rapidly. 42 
 43 
 Fig. 6. Simplified diagram of the multiple cell signalling pathways involving mTOR 44 
(see Laplante & Sabatini, 2009, 2012, for a more extensive chart of mTOR 45 
related cell signalling). Overactivity of mTORC1 is believed to trigger 46 
inflammatory processes which can result in pathological injury and processes 47 
leading to many cancers and degenerative diseases. PI3K -phosphatidylinositol-48 
3 kinase; PIP3 - phosphatidylinositol 3,4,5 trisphosphate; Akt -  serine/threonine 49 
kinase Akt or protein kinase B (PKB); mTORC1 - mammalian target of 50 
rapamycin complex 1; NF- - nuclear factor kappa-light-chain-enhancer of 51 
activated B cells; PTEN - phosphatase and tensin homolog; AMPK - 5' 52 
adenosine monophosphate-activated protein kinase; p27 - cyclin-dependent 53 
kinase inhibitor; ROS  reactive oxygen species.  Activation ; inhibition . 54 
 55 
 56 
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Abstract 16 
The aim of this investigation was to test the hypothesis that fasting-induced 17 
augmented lysosomal autophagic turnover of cellular proteins and organelles will 18 
reduce potentially harmful lipofuscin (age-pigment) formation in cells by more 19 
effectively removing oxidatively damaged proteins. An animal model (marine snail - 20 
common periwinkle, Littorina littorea) was used to experimentally test this hypothesis. 21 
Snails were deprived of algal food for 7 days to induce an augmented autophagic 22 
response in their hepatopancreatic digestive cells (hepatocyte analogues). This 23 
treatment resulted in a 25% reduction in the cellular content of lipofuscin in the 24 
digestive cells of the fasting animals in comparison with snails fed ad libitum on 25 
green alga (Ulva lactuca). Similar findings have previously been observed in the 26 
digestive cells of marine mussels subjected to copper-induced oxidative stress. 27 
Additional measurements showed that fasting significantly increased cellular health 28 
based on lysosomal membrane stability, and reduced lipid peroxidation and 29 
lysosomal/cellular triglyceride. These findings support the hypothesis that fasting-30 
induced augmented autophagic turnover of cellular proteins has an anti-oxidative 31 
cytoprotective effect by more effectively removing damaged proteins, resulting in a 32 
reduction in the formation of potentially harmful proteinaceous aggregates such as 33 
lipofuscin. The inference from this study is that autophagy is important in mediating 34 
hormesis. An increase  was demonstrated in physiological complexity with fasting, 35 
using graph theory in a directed cell physiology network (digraph) model to integrate 36 
the various biomarkers. This was commensurate with increased health status, and 37 
supportive of the hormesis hypothesis. The potential role of enhanced autophagic 38 
lysosomal removal of damaged proteins in the evolutionary acquisition of stress 39 
tolerance in intertidal molluscs is discussed and parallels are drawn with the growing 40 
evidence for the involvement of autophagy in hormesis and anti-ageing processes. 41 
 42 
Key words: anti-ageing, age-pigment, autophagy, caloric-restriction, cell network 43 
model, cytoprotection, hormesis, lipid peroxidation, lipofuscin, lysosome, lysosomal 44 
membrane stability, mollusc, mTOR, protein aggregates, reactive oxygen species, 45 
stress tolerance  46 
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Introduction 50 
 51 
Normal metabolic generation of reactive oxygen species (ROS), including oxy-52 
radicals, can cause oxidative attack on the protein machinery and organelles of the 53 
cell (Livingstone, 2001; Regoli, 2000). Increased removal of damaged cellular 54 
constituents by autophagy will conserve cell function; and also reduce the amount of 55 
age-pigment (lipofuscin) produced (Cuervo, 2004; Moore et al., 2006a, b, c, 2007). 56 
Consequently, an effective capability to up-regulate the autophagic process will be 57 
advantageous to organisms exposed to environmental influences such as many 58 
environmental toxins and pollutants which can contribute to increased generation of 59 
ROS (Moore, 2008; Moore et al., 2006c). Lipofuscin accumulates in lysosomes as a 60 
result of peroxidation of autophagocytosed proteins associated with protein 61 
aggregates and oxidatively damaged organelles; and was previously considered to 62 
be just cellular junk (Fig.1; Brunk & Terman, 2002).  However, recent evidence 63 
indicates that lipofuscin binds iron, which generates ROS, probably resulting in 64 
exacerbation of oxidative damage and sequestration of proteases, thereby, inhibiting 65 
lysosomal degradation (Brunk & Terman, 2002; Grune et al., 2004). This in turn may 66 
67 
undegradable damaged organelles, proteins, phospholipids and lipids that will 68 
produce more lipofuscin (Brunk & Terman, 2002; Cuervo, 2004; Grune et al., 2004, 69 
Lüllmann-Rauch, 1979; Moore et al., 2006a, b, c, 2007).   70 
 71 
Molluscan species such as bivalve mussels and marine snails provide useful models 72 
for studying autophagic function, as autophagy can be readily induced by starvation, 73 
salinity change, hyperthermia and hypoxia in the cells of the hepatopancreas or 74 
digestive gland, which is the liver analogue in molluscs (Bayne et al., 1978; Lowe et 75 
al., 2006; Moore, 2008; Moore & Halton, 1973, 1977; Moore et al., 1986, 2007; 76 
Owen, 1970). These species have been extensively investigated, particularly with 77 
respect to the harmful effects of pollutant chemicals such as toxic metals and 78 
polycyclic aromatic hydrocarbons (Moore et al., 1985). Previous studies using bivalve 79 
molluscs have indicated that fasting-induced autophagy has a cytoprotective effect 80 
against oxidative stress (Moore, 2004; Moore et al., 2006b, 2007); and Moore and 81 
Stebbing (1976) demonstrated that autophagy was involved in hormesis induced by 82 
very low concentrations of copper, cadmium and mercury in a colonial hydroid. 83 
Hormesis is a biphasic dose response to an environmental agent characterized by 84 
low dose stimulation or beneficial effect and a high dose inhibitory or toxic effect 85 
(Mattson, 2008). 86 
 87 
This investigation was designed to test the hypothesis that augmented autophagic 88 
turnover of oxidatively damaged proteins reduces lipofuscin (age-pigment) formation 89 
in hepatopancreatic digestive cells of the marine snail or periwinkle Littorina littorea. 90 
Snails were subjected to fasting (nutritional deprivation) for a period of seven days in 91 
order to induce autophagy (Moore & Halton, 1973; Moore et al., 1986), and the 92 
relative content of intralysosomal lipofuscin was then determined cytochemically in 93 
comparison to fed control snails. Additional parameters measured included 94 
lysosomal membrane stability, cytoplasmic and lysosomal neutral lipid (triglyceride) 95 
and lipid peroxidation. 96 
 97 
Modelling of whole biological systems from cells to organs is gaining momentum in 98 
cell biology and disease studies. This pathway is essential for the derivation of 99 
explanatory frameworks that will facilitate the development of a predictive capacity for 100 
estimating outcomes or risk associated with particular disease processes and 101 
therapeutic or stressful treatments (Moore & Noble, 2004). In this context, a parallel 102 
modelling exercise used a modified version of the generic cell network model 103 
described by Moore (2010) in order to accommodate the available biomarker data. 104 
The original generic model was developed from extensive published data in the 105 
environmental toxicology and biomedical literature, and the large-scale organisation 106 
of metabolic networks (Cuervo, 2004; Di Giulio & Hinton, 2008; Jeong et al., 2000; 107 
Klionsky & Emr, 2000; Zhang & Zhang, 2009). This cellular interaction network was 108 
constructed around the essential processes of feeding, excretion and energy 109 
metabolism (Moore, 2010).  Protein synthesis and degradation, including lysosomal 110 
autophagy, are also incorporated in the model as are the major protective systems 111 
(Cuervo, 2004; Di Giulio & Hinton, 2008; Livingstone et al., 2000; Moore, 2008). In 112 
order to determine whether complexity can be used as an indicator of health, the 113 
hypothesis that pathology involves a loss of biological complexity has been tested 114 
using the above mentioned generic physiological interaction network.   115 
 116 
System complexity and network topology was evaluated using network 117 
connectedness (connectance CV%), as well as node size, node degree, interaction 118 
weighting and network diameter.  Previous research has shown that the complexity 119 
of the whole system increases when sub-systems, such as detoxication and anti-120 
oxidant protective processes, augmented autophagy, protein degradation and 121 
induction of stress proteins, are up-regulated and start to interact significantly as part 122 
of a response to low-level stress, (i.e., biphasic or hormetic response; Moore, 2010). 123 
However, with increasing severity of stress, cell injury and higher-level functional 124 
impairment lead to physiological dysfunction and breakdown of the whole interaction 125 
network with consequent loss of complexity (Moore , 2010).  The type of network 126 
model used in this investigation (i.e., network and graph theory) will provide a 127 
mathematical formalism that can facilitate the system-level interpretation of health 128 
and dysfunction in living cells (Moore, 2010).  129 
 130 
Mathematical models provide the conceptual and mathematical formalism to 131 
integrate molecular, cellular and whole animal processes (Allen & McVeigh, 2004; 132 
Allen & Moore, 2004; Moore & Noble, 2004133 
134 
will prove invaluable for the future safeguarding of the aquatic environment and the 135 
development of legislation for integrated ecosystem management.  136 
 137 
 138 
 139 
Materials and Methods 140 
Animals and husbandry 141 
Snails (L. littorea) of shell length 20-25 mm were collected from the intertidal shore at 142 
Port Quin harbour (North Cornwall) in July 2008.   143 
 144 
The experimental animals were held in a re-circulating seawater system for 2 days at 145 
15±1 C and allowed to graze freely on sea lettuce (the green alga Ulva lactuca) also 146 
collected from Port Quin. Water quality parameters were monitored during the course 147 
of the experiment (dissolved oxygen, ammonia, nitrate, nitrite, pH and salinity (34.7 + 148 
0.5 psu). 149 
 150 
All experimental animals which climbed above the water level in their tanks were 151 
regularly detached and replaced on the bottom of the tank to try to ensure similar 152 
migratory behaviour and energy expenditure in both fed and fasting treatments. 153 
 154 
Experimental treatments 155 
After 2 days the snails were divided into two treatment groups (algal fed ad libitum on 156 
the green alga U. lactuca and fasting) with 2 replicates of 10 snails for each 157 
experimental treatment at 15±1 C and allowed to graze freely. The snails were 158 
exposed to a natural regime of daylight and darkness (July - natural daylight 159 
conditions). The treatments were maintained for a period of 7 days; and samples 160 
taken at the start of the experimental treatments (0 days and after 7 days) with equal 161 
numbers of animals (2 x 5) being sampled from both replicates. 162 
 163 
Sample preparation 164 
Sails were sacrificed by removal of the shell and excision of the visceral mass. The 165 
visceral mass containing the liver analogue or hepatopancreas was tranversely 166 
sectioned to provide a tissue sample approximately 5 x 5 x 5 mm in volume. Tissue 167 
samples for cytochemistry were subsequently frozen in liquid nitrogen onto 168 
aluminium chucks for tissue sectioning with a cryostatic microtome (Bright Ltd.) as 169 
described in Moore et al. (2004).  The remaining animals (2 x 5 from each replicate) 170 
were used for biochemical analysis of malondialdehyde (MDA). 171 
 172 
Tissue sectioning and cytochemistry 173 
174 
to clean glass microscope slides. Frozen tissue sections were reacted cytochemically 175 
for lysosomal stability (using latency of -glucuronidase), lipofuscin (Schmorl 176 
reaction), triglyceride or neutral lipid (oil red-O) (Bayliss High, 1984; Moore, 1976, 177 
1988; Moore et al., 2004, 2008).  178 
 179 
Cytochemical reaction products were measured in the tissue sections (5 fields at x 180 
400 magnification in each duplicate section) for lipofuscin and neutral lipid 181 
(triglyceride) respectively using a graded series of photomicrographs with reaction 182 
intensities previously determined by microdensitometry (Moore et al., 2006c).  183 
 184 
Lipid peroxidation  malondialdehyde (MDA) 185 
Lipid peroxidation was measured in hepatopancreatic tissue as concentration of MDA 186 
as described in Shaw et al. (2004). Whole digestive glands were washed with ice 187 
cold 0.9% NaCl and homogenised with 20 mM TRIS-HCl, pH 7.4 (1:10 w:v) at 4oC. 188 
The homogenate was centrifuged at 3,000 g at 4oC for 20 minutes. Tissue MDA 189 
levels were derivatised in a 1 ml reaction mixture containing a final concentration of 190 
6.7 mM 1-methyl-2-phenylindole, (dissolved in acetonitrile), 150 µl 37% hydrochloric 191 
acid and 200 µl sample or standard (10 mM 1,1,3,3-tetramethoxypropane, in 20 mM 192 
TRIS-HCl, pH 7.4). The tubes were vortexed and incubated at 45oC for 40 minutes. 193 
Samples were cooled on ice, centrifuged at 15,000 g for 10 minutes and read at 586 194 
nm. Results were expressed as MDA nmol/g wet weight.  195 
 196 
Network modelling of biomarker data 197 
Model description 198 
The generic cell model described by Moore (2010) has been developed from 199 
extensive published data in the environmental toxicology and biomedical literature, 200 
and the large-scale organisation of metabolic networks (Cuervo, 2004; Di Giulio & 201 
Hinton, 2008; Jeong et al., 2000; Klionsky & Emr, 2000). The generic cellular 202 
interaction network was constructed around the essential processes of feeding, 203 
excretion and energy metabolism. Protein synthesis and degradation, including 204 
lysosomal autophagy, are also incorporated in the model as are the major protective 205 
systems (Cuervo, 2004; Di Giulio & Hinton, 2008; Livingstone et al., 2000; Moore, 206 
2008). A subset of the generic model was used in this investigation in order to 207 
accommodate the available data (Fig. 2). The cellular physiological networks were 208 
constructed using Cytoscape 2.8 (Shannon et al., 2003). 209 
 210 
Analysis of cell system complexity  211 
Whole system complexity in the directed cellular physiological network was evaluated 212 
using connectedness (Bonchev, 2003). Topological complexity was measured as 213 
connectedness or connectance (Conn %) is the ratio between the number of links E 214 
in the interaction network and the number of links in the complete graph having the 215 
same number of nodes or vertices (V) (Bonchev, 2003). Connectedness relates the 216 
number of nodes (vertices) V and links or edges (arcs in a directed link) E  where the 217 
connectance ratio, CV, of a directed graph (digraph) with V nodes or vertices is then: 218 
 219 
CV =[(1 / max (CV)]||E|| x 100 220 
 221 
which reduces to:     CV =  (||E|| / V2) x 100 222 
 223 
for typical digraphs that allow every node to connect to every other node, where ||E||  224 
is the nearest integer function of E (Davis, 1997). This method uses the sum of the 225 
edge weights rather than the edge count and allows for self-loops or arcs, as with 226 
the autophagy process (Fig. 2). 227 
 228 
Biomarker data were used to attribute proportional weight values (illustrated as edge 229 
width; Fig. 2) to the interactions (edges) between cellular physiological processes 230 
(nodes) as shown in Table 1; and to the nodes, as node size (Fig. 2). The various 231 
biomarker mean values were standardised to a proportion of Control (Fed 7 days) 232 
values. These values (x) were used for biomarkers that normally decrease with 233 
pathology (e.g., lysosomal membrane stability), while biomarkers that normally 234 
increase with pathology (e.g., neutral lipid, lipid peroxidation & lipofuscin) were 235 
further transformed to (x-1). These values were normalised using log10(10.x) 236 
transformation and then inputted as the weight values for the network interactions 237 
(edges/links). The standardised biomarker values were used to set node size for 238 
comparisons of network topology (see Fig. 2). 239 
 240 
The cell physiology networks generated (Fig. 2) were also tested for generic network 241 
structure by analysing the relationship between nodes and links according to network 242 
theory (Jeong et al., 2000; Zhang & Zhang,2009). Node degree was determined from 243 
the number of edges (arcs) associted with a specific node (summation of in-arcs and 244 
out-arcs), and network diameters were calculated according to the equation:  245 
 246 
nV/lnk 247 
 248 
where D is the network diameter; V is the number of nodes; and k is the mean 249 
number of edges per node. 250 
 251 
Statistical analysis 252 
Multiple range and Kruskall-Wallis tests were applied to the treatment groups 253 
replicate data using Statgraphics Plus 5.0. The proportional edge (interaction) values 254 
in the Control and Fasting treatments were tested using the non-parametric Mann-255 
Whitney U test (2-tailed). Node size values were tested using the non-parametric Z-256 
test (2 population proportions categorical test). 257 
 258 
Results 259 
Fasting for 7 days resulted in a significant increase in lysosomal membrane stability 260 
and significant reductions in lipid peroxidation (MDA), lysosomal content of lipofuscin 261 
and cytoplasmic/lysosomal neutral lipid in the hepatopancreatic digestive cells 262 
compared with the fed animals (pooled replicates, P < 0.01, n = 10, Kruskall  Wallis 263 
test, Figs. 3 & 4).   264 
 265 
Structurally the digestive tubules of the hepatopancreas were similar in appearance 266 
in both treatments with secondary and tertiary lysosomes being present in similar 267 
numbers in the digestive cells, although there was evidence of enlargement of 268 
secondary lysosomes in the hepatopancreatic digestive cells, indicative of 269 
autophagic response, in the fasting treatment (Fig. 4).  Lipofuscin was primarily 270 
localised in late seconday lysosomes and tertiary lysosomes (residual bodies) in the 271 
digestive glands from snails in both treatment groups (Fig. 4). Snails sampled at the 272 
start of the experiment had a similar lipofuscin content in their digestive cells to those 273 
of the fed controls (92.3% ± 14.3; 95% CL as percentage of the day 7 fed control). 274 
 275 
Inputting the biomarker data into the directed cellular interaction network (digraph) 276 
model (Fig. 2) allowed the determination of the system complexity. Complexity 277 
values  as connectance ratio for the two experimental treatments are shown in Table 278 
1, with a considerable significant increase in connectivity in the fasted condition 279 
compared with the fed controls (P < 0.01, Mann-Whitney U test, n = 7, 2-tailed test).  280 
 281 
The fed and fasted network topologies differ in node size (Fig. 2; Z- test, score is -282 
2.0702, P < 0.05, n = 5, 2-tailed test), although network diameters remained the 283 
same for both treatments. The determination of node degree indicated that 284 
autophagy was the most highly connected node with 5 degrees (i.e., summation of 1 285 
out-arc, 3 in-arcs and 1 loop), making it an important physiological hub (Fig. 2). The 286 
network diameters ( nN/lnk) were small ( ), which is consistent with 287 
biological networks and remained unchanged by the fasting treatment (Zhang & 288 
Zhang, 2009).  289 
 290 
Discussion 291 
A reduction in lysosomal lipofuscin was observed following a period of experimental 292 
fasting. A similar reduction in lipofuscin has been shown in the digestive cells of 293 
fasting marine mussels exposed to ionic copper (Moore et al., 2007). The inference 294 
here is that augmented autophagy is reducing the lipofuscin content of these 295 
hepatopancreatic cells; and previous studies with these snails have shown that 296 
fasting induces autophagy (Moore et al., 1986). 297 
 298 
Concurrent reductions in lipid peroxidation (MDA) and cellular/lysosomal lipid content 299 
were also observed, along with increased lysosomal membrane stability indicating 300 
that the hepatopancreatic digestive cells were measurably healthier in the fasting 301 
snails (Moore et al., 2006a, b). Fasting animals may have had lower energy 302 
requirements, which could possibly contribute to a reduction in ROS generation, 303 
particularly in their mitochondria; although all animals had similar migratory activity 304 
imposed to minimize differences in energy expenditure (see Materials & Methods). 305 
However, in many molluscs the mitochondria are probably not a major source of 306 
ROS generation in hepatopancreatic cells: the lysosomal compartment is the main 307 
source as disccussed later (Fig. 1; Winston et al., 1991). Furthermore, the fasting 308 
animals will not be in a serious starvation situation within the time period of the 309 
experiment (7 days), since the hepatopancreatic digestive cells of gastropod 310 
molluscs are rich in reserves of glycogen and lipid (Moore and Halton, 1973, 1977). 311 
These factors considered together will hopefully have minimized this issue as an 312 
interpretational problem, however, further experimentation to determine the 313 
contribution of mitochondrial versus lysosomal generation of ROS would undoubtedly 314 
be helpful in further clarifying this. 315 
 316 
Autophagy is often considered to be primarily a survival strategy in multicellular 317 
organisms, which either is initiated by stressors (e.g., restricted nutrients, 318 
hyperthermia, hypoxia, salinity increase and toxic chemical contaminants; Cuervo, 319 
2004; Klionsky & Emr, 2000; Levine, 2005; Levine & Kroemer, 2008; Moore & Halton, 320 
1973, 1977; Moore et al., 1986, 2006a, b, c).  However, recent evidence indicates 321 
that autophagy is much more than just a survival process and is, in fact, intimately 322 
involved in cell physiology (Fig. 5; Cuervo, 2004; Eskelinen et al., 2009; Lockshin & 323 
Zakeri, 2004; Mizushima et al., 2008; Moore, 1988, 2004; Moore et al., 1980; 2006a).  324 
 325 
Cells use autophagy and the ubiquitin proteasome system as their primary protein 326 
degradation pathways (Cuervo, 2004; Klionsky et al., 2007; Kraft et al., 2010; Lamb 327 
et al., 2013). While the ubiquitin proteasome system is involved in the rapid 328 
degradation of proteins, autophagy pathways can selectively remove protein 329 
aggregates and damaged or excess organelles. Although autophagy has long been 330 
viewed as a relatively random cytoplasmic degradation system, the involvement of 331 
ubiquitin as a specificity factor for selective autophagy is rapidly emerging (Kraft et 332 
al., 2010). Indeed, recent evidence also suggests strong interactions (crosstalk) 333 
between proteasome-mediated degradation and selective autophagy (Kraft et al., 334 
2010).  335 
 336 
Consequently, the autophagic processes have been increasingly shown to have 337 
cytoprotective functions against ageing and many diseases including cancers, 338 
neurodegenerative diseases (Cuervo, 2004; Ferrari et al., 2011; Hippert et al., 2006; 339 
Mizushima et al., 2008; Ohsumi, 2014; Rubinsztein et al., 2011; Salminen & 340 
Kaarniranta, 2009; Selvakumaran et al., 2013; Trocoli & Djavaheri-Mergny, 2011; 341 
Zhang et al., 2012). Autophagic lysosomal digestion can be triggered by many 342 
environmental stressors including caloric restriction (CR), hypoxia, ROS, exercise, 343 
many toxins and phytochemicals, and sunlight and vitamin D mediated via the 344 
vitamin D receptor - VDR (Chatterjee etal., 2014; Delmas et al., 2011; Ferrari et al., 345 
2011; Mestre & Columbo, 2013; Moore et al., 2008; Wu & Sun, 2011; Zhang et al., 346 
2012).  347 
 348 
Augmented autophagy is controlled by switching off the mTOR (mechanistic target of 349 
rapamycin; part of mTORC1  mTOR complex 1) kinase: mTOR signalling is 350 
involved in many aspects of cell growth-regulation and has also been implicated in 351 
some cancers (Fig. 6; Asnaghi et al., 2004; Lamming et al., 2013; Laplante & 352 
Sabatini, 2009, 2012; Levine, 2005; Proud, 2002).  mTOR kinase is also coupled with 353 
a nutrient sensing pathway; and is switched off by lack of nutrients (see review by 354 
Proud, 2004). This kinase is evolutionarily conserved in eukaryotes and has been 355 
variously described in yeast, nematodes, molluscs, insects, crustaceans and 356 
mammals (Cammalleri et al., 2003; Beaumont et al., 2001; Levine, 2005; Klionsky & 357 
Emr, 2000). The mTOR signalling system is classically switched off by nutrient 358 
deprivation (i.e., amino acids), with resultant up-regulation of autophagy in mammals, 359 
which has been described in mussels and marine and terrestrial snails (Fig. 6; Bayne 360 
et al., 1978, 1979; Bergamini et al., 2003; Cuervo, 2004; Moore & Halton, 1973, 361 
1977; Moore et al., 1979; Moore et al., 1985, 1986; Proud et al., 2002). Autophagy, 362 
when triggered by inhibition of mTOR and other mTOR-independent pathways (e.g., 363 
SIRT 1 - NAD-dependent deacetylase sirtuin-1 and VDR  vitamin D receptor), is 364 
probably an important component of hormetic responses, particularly in anti-ageing 365 
processes (Blagosklonny, 2011, Kim et al., 2012; Martins et al., 2011; Moore & 366 
Stebbing, 1976; Rubinsztein et al., 2011; Salminen et al., 2012; Wu & Sun, 2011). 367 
Calorie restriction (CR) is now well established as having beneficial effects in a wide 368 
range of organisms by increasing lifespan and reducing the risk from age-related 369 
cancers, cardiovascular and neurodegenerative diseases (Mattson & Wan, 2005; 370 
Fontana et al., 2010). 371 
 372 
Molluscan hepatopancreatic lysosomes are also a major site for generation of 373 
reactive oxygen species (ROS), including oxyradicals, as demonstrated by Winston 374 
et al. (1991) in isolated digestive cells. Within the lysosomes of normal unstressed 375 
hepatopancreatic digestive cells, ROS are probably generated by transition metal 376 
ions, such as iron and copper, which accumulate in lysosomes from exogenous 377 
sources, such as algal and microbial food, and also by autophagic degradation of 378 
endogenous metallo-proteins (Fig. 1; Brunk & Terman, 2002; Moore et al., 2006a, 379 
2007).  Although molluscan digestive cell lysosomes spontaneously generate 380 
oxyradicals such as superoxide, they also contain a superoxide dismutase, which 381 
may protect the lysosomal membrane from excessive oxidative damage (Livingstone 382 
et al., 1992; Winston et al., 1991).  Exposure of mussels to copper and some PAHs 383 
also results in increased ROS; as well as does re-immersion in seawater following a 384 
period of anoxia as described above (Livingstone, 2001; Moore, 2008; Moore et al., 385 
2008; Regoli, 2000). Re-immersion following anoxia is probably analogous to 386 
reperfusion injury (Robin et al., 2007). Copper exposure also increases the 387 
concentration of protein carbonyls and lipofuscin (Kirchin et al., 1992; Moore et al., 388 
2007). 389 
 390 
Periwinkles are robust animals that frequently live in fluctuating environments such 391 
as estuaries where they are subjected to variable nutritional, temperature and salinity 392 
regimes, as well as repeated air exposure and re-immersion in seawater.  393 
Consequently, this essentially stressful fluctuating environment will tend to trigger 394 
repeated autophagic events, which by effectively removing inappropriately altered 395 
proteins and damaged or redundant cellular constituents will result in more efficient 396 
- fuscin and 397 
other aggregates (Fig. 4; Bergamini et al., 2003; Brunk & Terman, 2002; Cuervo, 398 
2004; Hawkins & Day, 1996; Hipkiss, 2006; Kirchin et al., 1992; Moore, 1988, 2004; 399 
Moore et al., 2006a, b, c and unpublished data).   400 
 401 
This more efficient cellular functionality may underpin the ability of intertidal molluscs 402 
such as periwinkles and mussels to survive, and often thrive, in environments that 403 
are subject to man-made stresses such as chemical pollution (Moore, 2004; Moore et 404 
al., 2006a, b, c). 405 
 406 
Changes in lysosomes have been used as biomarkers of ageing (aging) in a wide 407 
range of organisms including nematodes, fruit flies, molluscs and mammals (see 408 
review by Cuervo & Dice, 2000; Hole et al., 1992, 1993). In general there is a trend 409 
for decreasing proteolytic capability with increased age that has been linked with a 410 
gradual decline in the efficiency of the autophagic process (Cuervo & Dice, 2000).  411 
However, Bergamini et al. (2003) have proposed that repeated triggering of the 412 
autophagic system by nutrient deprivation or caloric restriction will prevent the 413 
decline in proteolytic capacity and, hence, contribute to increased lifespan probably 414 
415 
the situation of intertidal animals like periwinkles and mussels that live in an 416 
environment where autophagy is repeatedly switched on and off as discussed above, 417 
thus maintaining an effective capacity for the removal of altered proteins, membranes 418 
and organelles that are damaged by ROS and hypoxia-induced methylglyoxal (Fig. 5; 419 
Cuervo, 2004; Hawkins & Day, 1996; Hipkiss, 2006; Kiffen et al., 2004; Moore, 2004; 420 
Moore et al., 2006a, b, c, 2007; Regoli, 2000). Further investigation of the role of 421 
lysosomal autophagy in conferring resistance to stress is required but the possibility 422 
raises provocative questions about the possible role of ongoing and fluctuating low 423 
levels of stress in the evolution of stress tolerance (Moore, 2008; Moore et al., 2006a, 424 
b, c, 2007). 425 
 426 
There are also parallels between repeated stimulation of autophagy by mild 427 
environmental stressors (Moore (2008) and the growing anti-ageing evidence for 428 
fasting and caloric restriction (CR) induced autophagic removal of damaged or old 429 
intracellular proteins and organelles (see Fig. 5; Cuervo, 2004, 2008;  Cuervo & Dice, 430 
2000;  Madeo et al., 2010; Rubinsztein et al., 2011). 431 
 432 
Many readily detectable harmful pathological reactions occur at the cell and tissue 433 
level as a result of environmental insult (Moore, 2002a, b; Lowe et al., 2006).  Some 434 
cellular and 435 
tissue damage will occur unless the causative factors are removed. A key objective 436 
for ecotoxicology is to develop prognostic biomarkers and generic simulation models 437 
for responses to environmental change in whole systems, that are based on current 438 
and developing knowledge of genomic, proteomic, metabolomic, cellular and higher 439 
level biological processes. Access to such tools will be essential in the future for 440 
environmental managers and regulators; where they will be used in integrated 441 
environmental evaluation strategies for risk assessment and prediction in order to 442 
effectively manage resource sustainability (Moore, 2002b).   443 
 444 
However, one of the major difficulties in predicting impact and risk is our current 445 
ability, or rather the lack of it, to link harmful biological effects of environmental 446 
stressors in individual animals with their ecological consequences.  This problem has 447 
-  seeking to develop effective policies for 448 
sustainable use of resources and environmental protection. The key issues are 449 
complex and interfacial and require a cross-disciplinary approach. These include the 450 
effects of the physico-chemical environment  on the speciation/binding and uptake of 451 
pollutant chemicals; and inherent inter-individual and inter-species differences in 452 
vulnerability to toxicity, in particular,  the toxicity of complex mixtures. It is also 453 
essential to be able to link the impact of pollutants on whole biological systems 454 
(biocomplexity), from cells through the higher order interactive levels of organisation 455 
to functional ecosystems (using ensemble averages), leading eventually to 456 
Allen & McVeigh, 2004; Allen & Moore, 2004).  457 
 458 
Consequently, the immense complexity of the interactive functional level of biology 459 
dictates that we think in terms of integrated models that address this problem in a 460 
way that our limited mental computing capability cannot (Noble, 2002a, b, c). In 461 
essence, can mathematical modelling of biological processes shed light on cell injury, 462 
pathology, disease and ecosystem damage? Fortunately, models can help to make a 463 
coherent whole from disparate data sets; and are also useful conceptual indicators 464 
for the design of experiments that rigorously test current paradigms (Allen & Moore, 465 
2004; Lauffenburger & Linderman, 1993; Moore, 2002a, b; Moore & Allen, 2002).  In 466 
467 
impediment to progress.  However, the recent work of Noble (2002a, b) in developing 468 
numerical physiological models, and that of Düchting et al. (1996) with a tumour 469 
model, has opened a new avenue for the future in many areas of biomedicine and 470 
toxicology (Hunter et al., 2002a, b; Noble, 2002b). In traffic management and 471 
chemical engineering, physics and epidemiology, for example, it is well understood 472 
that complex systems can be accurately understood only by constructing quantitative 473 
mathematical models (Maddox, 1998).  However, ecotoxicologists are still largely 474 
working in the dark in this respect; and will remain so, until realistic models have 475 
been built for the process describing how the specificity of the whole system 476 
response matches that of the external signal or potentially harmful perturbation it 477 
receives (Allen & McVeigh, 2004; Allen & Moore, 2004; Moore, 2002a; Moore & 478 
Noble, 2004). 479 
 480 
Complexity of a cellular biological system can be used as an indicator of homeostasis 481 
(Lewis et al., 1992; Moore, 2010; Sedivy, 1999). Consequently, inputting the 482 
biomarker data from this experiment into a directed cell physiology network model 483 
showed that there was a statistically significant increase in system complexity 484 
indicating increased homeostasis and health status (Table 1). Network topology was 485 
also significantly different in terms of node size (Fig. 2). These results support the 486 
hypothesis that hormesis is occurring in the fasted animals and this is in line with the 487 
predictions for the effects of mild stress on the cellular physiology described by 488 
Moore (2010). The network models also demonstrate that autophagy is an important 489 
hub in the cellular physiology of the system being tested, which lends support to the 490 
overall hypothesis (Fig. 2). The network approach demonstrates that cell injury and 491 
pathology can be defined as a loss in system complexity, while an increase can 492 
indicate hormesis (Lewis et al., 1992; Moore, 2010; Sedivy, 1999). Consequently, 493 
cellular networks can be used to integrate information from biomarker data; and to 494 
direct the selection of biomarkers and design of experiments, in order to develop 495 
suites of tests that will demonstrate which links are active or inactive, and to what 496 
degree, thus providing mathematical formalism for an objective evaluation of health 497 
status for potential use in risk assessment (Moore, 2002b, Moore et al., 2004). 498 
Cellular interaction networks also have considerable potential for integrating multi-499 
 500 
 501 
 502 
Acknowledgements: This study was supported in part by funding from a Research 503 
Fellowship awarded by the Department of Science and Innovative Technology 504 
(DSIT), University of Eastern Piedmont, Alessandria, Italy; and support from a 505 
Plymouth Marine Laboratory Fellowship (PML, Plymouth, UK) to Prof. M N 506 
Moore. The authors are not aware of any conflicts of interest.  507 
 508 
References 509 
Allen JI, Moore MN (2004) Environmental prognostics: is the current use of 510 
biomarkers appropriate for environmental risk evaluation. Mar Environ Res 511 
58:227-232 512 
Allen JI, McVeigh A (2004) Towards computational models of cells for environmental 513 
toxicology. J Mol Histol 35:697-706 514 
Asnaghi L, Bruno P, Priulla M, Nicolin A (2004) mTOR: a protein kinase switching 515 
between life and death. Pharmacol Res 50:545 549 516 
Bayliss High O (1984) Lipid histochemistry (Royal Microscopical Society, Microscopy 517 
Handbooks, No. 6). Oxford University Press, Oxford 518 
Bayne BL, Holland DL, Moore MN, Lowe DM, Widdows J (1978)  Further studies on 519 
the effects of stress in the adult on the eggs of Mytilus edulis.  J mar biol Ass UK 520 
58:825-841 521 
Bayne BL., Moore MN, Widdows J, Livingstone DR, Salkeld PN (1979) Measurement 522 
of the responses of individuals to environmental stress and pollution: studies with 523 
bivalve molluscs. Phil Trans R Soc (Lond) 286B:563-581 524 
Bergamini E, Cavallini G, Donati A, Gori Z (2003) The ant-ageing effects of caloric 525 
restriction may involve stimulation of macroautophagy and lysosomal 526 
degradation, and can be intensified pharmacologically. Biomed Pharmacother 527 
57:203-208  528 
Beaumont V,  Zhong N, Fletcher R, Froemke RC, Zucker RS (2001) Phosphorylation 529 
and local presynaptic protein synthesis in calcium- and calcineurin-dependent 530 
induction of crayfish long-term facilitation. Neuron 32:489 501 531 
Blagosklonny MV (2011) Hormesis does not make sense except in the light of 532 
TOR driven aging. Aging 3:1051-1062 533 
Bonchev D (2003) Complexity of protein-protein interaction networks, complexes, 534 
and pathways. In: Handbook of proteomic methods (Ed PM Conn) pp 451-462. 535 
Humana Press, Totowa, New Jersey 536 
Brunk UT, Terman A (2002) Lipofuscin: mechanisms of age-related accumulation 537 
and influence on cell function.  Free Rad Biol Med 33:611-619 538 
Cammalleri M, Lütjens R, Berton F, King AR, Simpson C, Francesconi W, Sanna PP 539 
(2003) Time-restricted role for dendritic activation of the mTOR-p70S6K pathway 540 
in the induction of late-phase long-term potentiation in the CA1. Proc Natl Acad 541 
Sci USA 100:14368-14373 542 
Chatterjee S, Sarkar S,  Bhattacharya S (2014) Toxic metals and autophagy. Chem 543 
Res Toxicol 27: 1887 1900 544 
Cuervo AM (2004) Autophagy: in sickness and in health.  TRENDS Cell Biol 14:70-545 
77 546 
547 
Gerontol A Biol Sci Med Sci 63: 547-549 548 
Cuervo AM, Dice JF (2000) When lysosomes get old. Exp Gerontol 35:119-131 549 
Davis MW (1997) Complexity formalisms, order and disorder in the structure of art. 550 
In: Evolutionary Programming VI, Lecture Notes in Computer Science Volume 551 
(Editors: Angeline PJ, Reynolds, McDonnell JR, Eberhart R), 1213, Springer 552 
International Publishing AG, Switzerland. pp 1-12 553 
Delmas D, Solary E, Latruffe N (2011) Resveratrol, a phytochemical inducer of 554 
multiple cell death pathways: apoptosis, autophagy and mitotic catastrophe. Curr 555 
Med Chem 18: 1100-1121 556 
Di Giulio RT, Hinton DE, Editors (2008) The toxicology of fishes. Taylor and Francis, 557 
London, New York, Singapore, Melbourne, 1071p  558 
Düchting W, Ulmer W, Ginsberg T (1996)  Cancer: a challenge for control theory and 559 
computer modelling.  Euro J Cancer 32 A:1283-1292   560 
Eskelinen E-L, Saftig P (2009) Autophagy: a lysosomal degradation pathway with a 561 
central role in health and disease. Biochim. Biophys. Acta - Mol Cell Res 562 
1793:4664 4673 563 
Ferrari N, Tosetti F, De Flora S, Donatelli F, Sogno I, Noonan DM, Albini A (2011) 564 
Diet-derived phytochemicals: from cancer chemoprevention to cardio-oncological 565 
prevention. Curr. Drug Targets 12:1909-1924 566 
Fontana L, Partridge L, Longo VD (2010) Extending healthy life span - from yeast to 567 
humans. Science  328:321-326 568 
Grune T, Jung T, Merker K, Davies KJA (2004) Decreased proteolysis caused by 569 
protein aggregates, inclusion bodies, plaques, lipofuscin, ceroid, and 570 
 ageing and disease. Internat. J Biochem 571 
Cell Biol 36:2519-2530  572 
Hawkins AJS, Day AJ (1996) The metabolic basis of genetic differences in growth 573 
efficiency among marine animals. J Exp Mar Biol Ecol 203:93-115 574 
Hipkiss A (2006) Accumulation of altered proteins and ageing: causes and effects. 575 
Exp. Gerontol 41: 464-473 576 
Hippert M M, O'Toole P S, Thorburn A (2006) Autophagy in cancer: good, bad, or 577 
both? Cancer Res 66:9349-9351 578 
Hole LM, Moore MN, Bellamy D (1992) Age-related differences in the recovery of 579 
lysosomes from stress-induced pathological reactions in marine mussels.  Mar 580 
Environ Res 34 :75-80 581 
Hole LM, Moore MN, Bellamy D (1993)  Age-related cellular reactions to copper in 582 
the marine mussel  Mytilus edulis.  Mar Ecol Prog Ser 94:175-179 583 
Hunter PJ, Nielsen PMF, Bullivant D (2002a) The IUPS physiome project. In: In Silico 584 
Simulation of Biological Processes. Novartis Foundation Symposium, 247, 207-585 
221 586 
Hunter PJ, Robbins P, Noble D (2002b) The IUPS Human Physiome Project. Pflüg. 587 
Archiv - Euro. J. Physiol. 445:1-9 588 
Juhász G, Érdi B, Sass M, Neufeld TP (2007) Atg7-dependent autophagy promotes 589 
neuronal health, stress tolerance, and longevity but is dispensable for 590 
metamorphosis in Drosophila. Genes Devel 21:3061-3066 591 
Kiffen R, Christian C, Knecht E, Cuervo AM (2004) Activation of chaperone-mediated 592 
autophagy during oxidative stress.  Mol Biol Cell 15:4829-4840  593 
Kim MK, Suh DH, Seoung J, Kim HS, Chung HH, Song YS (2012) Autophagy as a 594 
target for anticancer therapy and its modulation by phytochemicals. J. Food Drug 595 
Anal 20 Suppl 1:241-245 596 
Kirchin MA, Moore MN, Dean RT, Winston GW (1992) The role of oxyradicals in 597 
intracellular proteolysis and toxicity in mussels.  Mar Environ Res 34:315-320 598 
Klionsky DJ, Emr SD (2000) Autophagy as a regulated pathway of cellular 599 
degradation. Science 290:1717-1721 600 
Klionsky DJ et al. (2007) Guidelines for the use and interpretation of assays for 601 
monitoring autophagy in higher eukaryotes. Autophagy 4:1-25.  602 
Kraft C, Peter M, Hofmann K (2010) Selective autophagy: ubiquitin mediated 603 
recognition and beyond. Nature Cell Biol 12:836-841 604 
Lamming DW, Ye L, Sabatini DM, Baur JA (2013) Rapalogs and mTOR inhibitors as 605 
anti-aging therapeutics. J Clin Invest 123:980-989 606 
Laplante M, Sabatini DM (2009) mTOR signaling at a glance. J. Cell Sci. 122:3589-607 
3594 608 
Laplante M, Sabatini DM (2012) mTOR signaling in growth control and disease. Cell 609 
149:274-293 610 
Lauffenburger DA, Linderman JL (1993)  Receptors: Models for binding, trafficking 611 
and signaling. Oxford University Press, Oxford, New York, 365p 612 
Levine B (2005) Eating oneself and uninvited guests: autophagy-related pathways in 613 
cellular defense.  Cell 120:159-162 614 
Levine B, Kroemer G (2008) Autophagy in the pathogenesis of disease. Cell 132: 27-615 
42 616 
617 
potential applications of fractals and chaos theory to senescence. J Amer Med 618 
Assoc 267:1806-1809 619 
Livingstone DR (2001) Contaminant-stimulated reactive oxygen species production 620 
and oxidative damage in aquatic organisms. Mar Pollut Bull 42:656-666 621 
Livingstone DR, Chipman JK, Lowe DM, Minier C, Mitchelmore CL, Moore MN, 622 
Peters LD, Pipe RK (2000) Development of biomarkers to detect the effects of 623 
organic pollution on aquatic invertebrates: recent molecular, genotoxic, cellular 624 
and immunological studies on the common mussel (Mytilus edulis L.) and other 625 
mytilids.  Int J Environ Pollut 13:56-91 626 
Livingstone DR, Lips F, García Martinez P, Pipe RK (1992) Antioxidant enzymes in 627 
the digestive gland of the common mussel, Mytilus edulis. Mar Biol 112: 265-76 628 
Lockshin RA, Zakeri Z (2004) Apoptosis, autophagy, and more. Internat. J Biochem 629 
Cell Biol 36:2405-2419 630 
Lowe DM, Moore MN, Readman JW (2006) Pathological reactions and recovery of 631 
hepatopancreatic digestive cells from the marine snail Littorina littorea following 632 
exposure to a polycyclic aromatic hydrocarbon. Mar Environ Res 61:457-470 633 
Lüllmann-Rauch R (1979) Drug-induced lysosomal storage disorders. In: Dingle JT, 634 
Jacques PJ, Shaw IH (eds) Lysosomes in Applied Biology and Therapeutics, vol. 635 
6. Elsevier, Amsterdam, p 49-130 636 
Maddox D (1998)  What Remains to be Discovered.  The Free Press, New York, 637 
434p 638 
Madeo F, Tavernarakis N, Kroemer G (2010) Can autophagy promote longevity? 639 
Nature Cell Biol 12:842-846 640 
Martins I, Galluzzi L, Kroemer G (2011) Hormesis, cell death and aging. Aging 3:821-641 
828 642 
Mattson MP (2008) Hormesis defined. Ageing Res Rev 7:1-7 643 
Mattson MP, Wan R (2005) Beneficial effects of intermittent fasting and caloric 644 
restriction on the cardiovascular and cerebrovascular systems. J Nutrit Biochem 645 
16:129-137 646 
Mestre MB, Colombo MI  (2013) Autophagy and toxins: a matter of life or death. Curr 647 
Mol Med 13:241-251 648 
Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008) Autophagy fights disease 649 
through cellular self-digestion. Nature 451:1069-1075 650 
Moore MN (1988) Cytochemical responses of the lysosomal system and NADPH-     651 
ferrihemoprotein reductase in molluscs to environmental and experimental 652 
exposure to xenobiotics.  Mar Ecol Prog Ser 46:81-89 653 
Moore MN (2002a)  Biocomplexity: the post-genome challenge in ecotoxicology.  654 
Aquatic Toxicol 59:1-15  655 
Moore MN (2002b) A strategy for impact and risk assessment in integrated 656 
environmental management.  Rev Méd Véterin 153:507-512 657 
Moore MN (2004) Diet restriction induced autophagy: a protective system against 658 
oxidative- and pollutant-stress and cell injury. Mar Environ Res 58:603-607 659 
Moore MN (2008) Autophagy as a second level protective process in conferring 660 
resistance to environmentally-induced oxidative stress. Autophagy 4:254-256 661 
Moore, M.N. (2010). Is toxicological pathology characterised by a loss of system 662 
complexity? Mar Environ Res 69:S37 S41. 663 
Moore MN, Allen JI (2002)  A computational model of the digestive gland epithelial 664 
cell of the marine mussel and its simulated responses to aromatic hydrocarbons.  665 
Mar Environ Res 54:579-584 666 
Moore MN, Halton DW (1973) Histochemical changes in the digestive gland of 667 
Lymnaea truncatula infected with Fasciola hepatica.  Z Parasitkde 43:1-16 668 
Moore MN, Halton DW (1977) Cytochemical localization of lysosomal hydrolases in 669 
the digestive cells of littorinids and changes induced by larval trematode 670 
infection.  Z Parasitkde 53:115-122 671 
Moore MN, Noble D (2004) Computational modelling of cell & tissue processes and 672 
function. J Mol Histol 35:655-658 673 
Moore MN, Stebbing ARD (1976) The quantitative cytochemical effects of three 674 
metal ions on a lysosomal hydrolase of a hydroid. J mar biol Assoc UK 56:995-675 
1005 676 
Moore MN, Allen JI, McVeigh A (2006a) Environmental prognostics: an integrated 677 
model supporting lysosomal stress responses as predictive biomarkers of animal 678 
health status. Mar Environ Res 61:278 304 679 
Moore MN, Allen JI, McVeigh A, Shaw J (2006b) Lysosomal and autophagic 680 
reactions as diagnostic and predictive indicators of environmental pollutant 681 
toxicity in aquatic animals. Autophagy 2:217-220 682 
Moore MN, Allen JI, Somerfield PJ (2006c) Autophagy: role in surviving 683 
environmental stress. Mar Environ Res 62 Suppl 1:S420-S425 684 
Moore MN, Depledge MH, Readman JW, Leonard P (2004) An integrated biomarker-685 
based strategy for ecotoxicological evaluation of risk in environmental 686 
management.   Mutation Res 552:247-268  687 
Moore MN, Koehn RK, Bayne BL (1980)  Leucine aminopeptidase (aminopeptidase-688 
1), N-acetyl- -hexosaminidase and lysosomes in the mussel Mytilus edulis L., in 689 
response to salinity changes.  J Exp Zool 214:239-249 690 
Moore MN, Mayernick JA, Giam CS (1985)  Lysosomal responses to a polynuclear 691 
aromatic hydrocarbon in a marine snail: effects of exposure to phenanthrene and 692 
recovery.  Mar Environ Res 17:230-233 693 
Moore MN, Pipe RK, Farrar SV, Thomson S, Donkin P (1986)  Lysosomal and 694 
microsomal responses to oil-derived hydrocarbons in Littorina littorea.  In: 695 
Capuzzo JM, Kester DR (eds) Oceanic processes in marine pollution - Biological 696 
processes and waste in the ocean, vol 1. Krieger Publishing, Melbourne, FL, p 697 
89-96   698 
Moore MN, Viarengo A, Donkin P, Hawkins AJS  (2007) Autophagic and lysosomal 699 
reactions to stress in the hepatopancreas of blue mussels. Aquatic Toxicol 700 
84:80-91 701 
 Noble D (2002a) Modelling the heart: from genes to cells to the whole organ. 702 
Science 295:1678-1682 703 
Noble D (2002b) Modelling the heart: insights, failures and progress. BioEssays 704 
24:1155-1163 705 
Noble D (2002c) The rise of computational biology. Nature Rev Mol Cell Biol 3:460-706 
463 707 
Ohsumi Y (2014) Historical landmarks of autophagy research. Cell Res 24:9-23 708 
Owen G (1970). The fine structure of the digestive tubules of the marine bivalve 709 
Cardium edule. Phil Trans Roy Soc (Lond)  258B:245 260 710 
Proud CG (2002) Regulation of mammalian translation factors by nutrients. FEBS J 711 
269:5338 - 5349 712 
Regoli F (2000) Total oxyradical scavenging capacity (TOSC) in polluted and 713 
translocated mussels: a predictive biomarker of oxidative stress. Aquatic Toxicol 714 
50:351-61 715 
Robin E, Guzy RD, Loor G, Iwase H, Waypa GB, Marks JD, Hoek TL, Schumacker 716 
PT (2007) Oxidant stress during simulated ischemia primes cardiomyocytes for 717 
cell death during reperfusion. J Biol Chem 282:19133-43 718 
Rubinsztein DC, Mariño G, Kroemer G  (2011)  Autophagy and aging. Cell 146:682-719 
695 720 
Salminen A, Kaarniranta K (2009) SIRT1: regulation of longevity via autophagy. Cell 721 
Signal 21:1356-1360 722 
Salminen A, Hyttinen JMT, Kauppinen A, Kaarniranta K (2012) Context-dependent 723 
regulation of autophagy by IKK - NF-724 
Int J Cell Biol  2012 Article ID 849541, 15 pages http://dx.doi.org/10.1155/ 725 
2012/849541 726 
Sedivy R (1999) Chaodynamic loss of complexity and self-similarity cancer. Med 727 
Hypotheses 52:271-274 728 
Selvakumaran M, Amaravadi RK, Vasilevskaya IA, O'Dwyer PJ  (2013) Autophagy 729 
inhibition sensitizes colon cancer cells to antiangiogenic and cytotoxic therapy. 730 
Cancer Res 19:2995 3007 731 
Shaw JP, Large AT, Donkin P, Evans SV, Staff FJ, Livingstone DR, Chipman JK, 732 
Peters LD (2004) Seasonal variation in cytochrome P450 immunopositive protein 733 
levels, lipid peroxidation and genetic toxicity in digestive gland of the mussel 734 
Mytilus edulis, Aquatic Toxicol 67:325 336 735 
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, 736 
Schwikowski B, Ideker T. (2003) Cytoscape: a software environment for 737 
integrated models of biomolecular interaction networks. Genome Res 13:2498-738 
2504  739 
Trocoli A, Djavaheri-Mergny M (2011) The complex interplay between autophagy and 740 
NF- er cells. Am J Cancer Res 1:629-649 741 
Winston GW, Moore MN, Straatsburg I, Kirchin M (1991) Lysosomal stability in 742 
Mytilus edulis L.: potential as a biomarker of oxidative stress related to 743 
environmental contamination.  Arch Environ Contam Toxicol 21:401-408 744 
Wu S, Sun J (2011) Vitamin D, vitamin D receptor, and macroautophagy in 745 
Inflammation and infection. Discov Med 11:325 335 746 
Zhang X, Chen LX, Ouyang L, Cheng Y, Liu B (2012) Plant natural compounds: 747 
targeting pathways of autophagy as anti-cancer therapeutic agents. Cell Prolif 748 
45:466-476 749 
Zhang Z, Zhang J (2009) A big world inside small-world networks. PLoS ONE 4(5): 750 
e5686. doi:10.1371/journal.pone.0005686 751 
